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Abstract 
The pre-Alpine history of the Venaco-Ghisoni Unit, a continental unit belonging to the Alpine Corsica (France), was 
reconstructed on the basis of U–Pb dating of zircon and allanite. Zircon was separated from a metagranitoid and an 
epidote-bearing metagabbro and analyzed by Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-
MS). Magmatic ages ranging from 291 to 265 Ma were obtained for the metagranitoid samples and 276.9 ± 1.1 Ma for 
the epidote-bearing metagabbro. This geochronological dataset, combined with field observations, microstructural 
and cathodoluminescence analysis demonstrate that in the Early Permian, the Variscan basement of the Venaco-
Ghisoni Unit was intruded first by the granitoid and then by the gabbro. Allanite was identified in the metagranitoid 
and exhibit an U–Pb age of 225 ± 8 Ma. We interpret this age as reflecting metamorphism associated to the Late 
Triassic rifting predating the opening of the Piemonte-Liguria Ocean. The absence of middle Eocene—Oligocene 
zircon and allanite overgrowths is compatible with the low metamorphic conditions (< 350–400 °C) recorded by the 
Venaco-Ghisoni Unit during Alpine metamorphism.
Keywords: Zircon, Allanite, U–pb dating, Venaco-Ghisoni Unit, Alpine Corsica, Early Permian magmatism, Late Triassic 
rifting, Pre-Alpine thermal event
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1 Introduction
The Alpine Corsica consists of a stack of oceanic and 
continental units that record a complex geodynamic his-
tory (Fig. 1). This history started at the end of the Vari-
scan orogeny, developed through rifting and spreading 
stages that caused the opening of the Piemonte-Liguria 
Ocean and ended with subduction and collision dur-
ing the Alpine orogeny (Durand-Delga 1984; Egal 1992; 
Malavieille et al. 1998; Marroni and Pandolfi 2003; Molli 
2008; Molli and Malavieille 2011; Di Rosa et al. 2020).
Several magmatic and metamorphic events took 
place during the orogenic collapse of the Variscan belt 
in response to lithospheric thinning (triggering the rise 
of the hot asthenospheric mantle) in an extensional 
regime. The associated crustal thinning and continental 
rifting evolved in the Middle Jurassic towards complete 
oceanization with the initiation of seafloor spreading 
ca. 165  Ma (e.g., Lardeaux and Spalla 1991; Marotta 
and Spalla 2007; Müntener and Hermann 2001; Schus-
ter and Stüwe 2008). The European continental margin 
corresponding to the future Briançonnais and internal 
massif domains (e.g., Ballèvre et  al. 2018) was largely 
affected by this diffuse magmatic activity associated 
with high temperature/medium-low pressure (HT/M-
LP) metamorphism (e.g., Paquette et  al. 1989; Cenki-
Tok et al. 2011; Manzotti et al. 2012). Magmatism and 
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metamorphism were associated with extensional struc-
tures such as shear zones, which accommodated the 
thinning of the continental crust (Beltrando et al. 2010; 
Manatschal and Müntener 2009; Mohn et al. 2011).
Traces of post-Variscan magmatism are also pre-
served in the Alpine Corsica, which is regarded as 
the southward extension of the collisional belt of the 
Western Alps (e.g., Mattauer et al. 1981; Durand-Delga 
1984). This anorogenic magmatism is considered to 
be part of the Corsica-Sardinia batholith and involved 
magmatic intrusions within the European continen-
tal margin from the Visean to the Middle Permian 
(Cabanis et al. 1990; Ménot 1990; Paquette et al. 2003; 
Cocherie et  al. 2005; Rossi et  al. 2015 and references 
therein) before the onset of the Alpine cycle (Bonin 
et  al. 1987). Intrusive rocks are mainly preserved in 
their original intrusive settings (i.e., in the Hercynian 
Corsica), but relics of these bodies, which were variably 
deformed and metamorphosed during the Alpine orog-
eny, are also found in the north-eastern sector of the 
island (i.e., in the Alpine Corsica). A few lines of evi-
dence of Permian HT metamorphism associated with 
rifting were discovered in the Western Alps (e.g. Vavra 
et al. 1996; Kunz et al. 2018) but are not documented so 
far in Corsica.
In this contribution, we investigate the geological 
evolution recorded by the continental units of Corsica 
from the end of the Variscan Orogeny and the open-
ing of the Piemonte-Liguria Ocean in the Late Car-
boniferous to Middle Jurassic. We performed in  situ 
U–Pb dating by LA-ICP-MS of zircon and allanite from 
metagranitoid and metagabbro samples of the Venaco-
Ghisoni Unit (Lower Units, Alpine Corsica). This tec-
tonic unit includes a wide variety of the pre-Mesozoic 
lithotypes known in Corsica (i.e., metagranitoid, met-
agabbro, mafic dykes) that have never been dated 
before. Therefore, this study is the first geochronologi-
cal study related to the pre-Alpine history performed 
on the Lower Units. The geochronological results were 
combined with meso- and microstructural investiga-
tions to constrain the Permo-Triassic evolution of the 
European thinned continental margin in the southern-
most extension of the Alpine belt.
Fig. 1 a Geographic framework of the Corsica Island. The location of the Hercynian Corsica (HC) and the Alpine Corsica (AC) is indicated. b 
Geological setting of Central Corsica. Within the Hercynian Corsica (HC): the Corsica-Sardinia Batholith products are differentiated following 
Cocherie et al. (2005) (U1, U2 and U3 suites); Rb Roches Brunes Fm., Ec Eocene deposits. Within the Alpine Corsica (AC) the three main groups 
of tectonic units are indicated: the Lower Units (LU undifferentiated Lower Units, TU Tenda Unit, CP Cima Pedani Units, Ca Caporalino Unit, GHU 
Venaco-Ghisoni Unit), the Schistes Lustrés Complex (SL undifferentiated Schistes Lustrés Complex) and the Upper Units (Ba Balagne nappe, SD 
Serra-Debbione Unit, Pi Pineto Unit, SLU Santa Lucia Unit). Early Miocene deposits (Fb Francardo Basin, Ap Aleria Plane) and Quaternary deposits (Qd) 
are also indicated. CCSZ Central Corsica Shear Zone. Yellow stars indicate the areas sampled for this work
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2  Tectonic setting
The geology of Corsica has been subdivided into two geo-
logical domains known as the Hercynian and Alpine Cor-
sica (Fig.  1a; e.g., Durand-Delga 1984). The Hercynian 
Corsica represents a remnant of the European continen-
tal margin. This domain mainly consists of Permo-Car-
boniferous plutonic rocks (i.e., the Corsica-Sardinia 
batholith in Rossi et al. 2015) intruded into a Palaeozoic 
metamorphic basement, with rare sedimentary cov-
ers ranging in age from Permian to middle-late Eocene 
(Amaudric du Chaffaut 1980; Di Rosa et al. 2019a). The 
Permo-Carboniferous magmatic products are grouped 
into three suites (U1, U2 and U3) based on their age and 
compositional variability (Rossi et al. 2015 and reference 
therein). The U1 suite consists of Mg–K-rich intrusions 
formed in the Early Carboniferous (~ 340  Ma, Paquette 
et al. 2003), whose composition ranges from monzonite 
to granite, with associated ultrapotassic basic rocks. This 
suite has the same geochemical and isotopic composition 
as the external crystalline massif of the Central Alps (e.g., 
Aar-Gotthard; Rossi et  al. 2015). The U2 suite is mostly 
composed of calc-alkaline leucocratic biotite-bearing 
monzogranites of Late Carboniferous-Early Permian 
age (308–275  Ma, Rossi et  al. 2015), which are associ-
ated with dacites and rhyolites also belonging to the 
U2 suite. Finally, the U3 suite consists of peralkaline to 
slightly peraluminous A-type granites of Early Permian 
age (290–280 Ma; Cocherie et al. 2005). These intrusives 
are predominantly dominated by amphibole-biotite gran-
ites and pink biotite-bearing granites that are coeval with 
mafic sequences of tholeiitic affinity. The three suites U1, 
U2 and U3 are crosscut by mafic and silicic dyke swarms 
of Early Permian age (Rossi et al. 2015).
The Alpine Corsica consists of a stack of continen-
tal and oceanic units that experienced deformation and 
metamorphism during subduction and syn-convergence 
exhumation in response to the Late Cretaceous-Middle 
Eocene closure of the Piemonte-Liguria Ocean and sub-
sequent late Eocene-early Oligocene continental collision 
(Di Rosa et al. 2020 and references therein). The thinned 
European margin was subducted below the orogenic 
wedge beginning in the late Eocene and exhumed before 
the early Miocene (Maggi et  al. 2012; Malasoma and 
Marroni 2007; Molli 2008; Molli et al. 2017).
The Alpine Corsica includes three groups of tectonic 
units, from bottom to top: (1) the Lower Units repre-
senting the thinned European continental margin that 
was involved in the subduction/collision. Peak metamor-
phism reached blueschist facies conditions and was fol-
lowed by retrogression under greenschist facies (Bezert 
and Caby 1988; Di Rosa et  al. 2017, 2019b, 2020; Mala-
soma and Marroni 2007; Molli et  al. 2006; Molli 2008). 
(2) The Schistes Lustrés complex consists of ophiolites 
and oceanic/transitional sequences. Peak metamorphism 
reached blueschist to eclogite facies conditions (Maggi 
et  al. 2012; Rossetti et  al. 2015; Vitale Brovarone et  al. 
2011). (3) The Upper Units (i.e., Nappes Supérieures of 
Durand-Delga 1984) include Middle to Late Cretaceous 
ophiolitic units associated with slices of Late Cretaceous 
carbonate turbidites. These units recorded only lower-
greenschist facies metamorphic conditions (Marroni and 
Pandolfi 2003; Pandolfi et al. 2016). We also include the 
Santa Lucia Unit in this group (Fig. 1b), which is charac-
terized by a Permian basement made of granulite com-
plex and granitoids covered by Cretaceous sediments 
(Marroni and Pandolfi 2007 and references therein). 
However, the pre-orogenic history of this unit is still a 
matter of debate.
The NNW-SSE-trending tectonic boundary between 
the Hercynian and Alpine Corsica marks the thrusting of 
the Alpine Corsica onto the Hercynian Corsica (Durand-
Delga 1984). This tectonic boundary was partially 
reworked by the Central Corsica Shear Zone (CCSZ, 
Fig. 1), a sinistral strike-slip system that originated during 
the late Eocene-early Oligocene convergence (Lacombe 
and Jolivet 2005; Marroni et al. 2019).
3  Field data and petrography
3.1  Geology of the study area
This study is focused on two metagranitoid samples and 
one metagabbro sample belonging to the Venaco-Ghisoni 
Unit (GHU), a tectonic unit forming part of the Lower 
Units (Di Rosa et al. 2019b). This unit crops out in Cen-
tral Corsica close to the boundary with the Hercynian 
Corsica in the area between the villages of Venaco and 
Ghisoni (Figs. 1, 2, 3). The GHU is an elongated NNW-
SSE trending body that is structurally delimited by steep 
shear zones from the Hercynian Corsica located under-
neath and from the Schistes Lustrés complex at its top. 
The GHU mainly consists of metagranitoids and minor 
volumes of metagabbro intruded in the Roches Brunes 
Fm. (Variscan polymetamorphic rocks, Durand-Delga 
1984). Early Permian leucocratic and mafic dykes (Rossi 
et al. 2015) crosscut the metagranitoid and metagabbro. 
The Roches Brunes Fm. and its Permo-Carboniferous 
intrusions are uncorfomably covered by a Permian meta-
volcano-sedimentary complex (i.e., Metavolcanic and 
Metavolcaniclastic Fm., Figs. 2, 3).
The Alpine polyphase deformation history includes 
three ductile phases (D1, D2 and D3) that have been 
described by Garfagnoli et  al. (2009) and Di Rosa et  al. 
(2019b). The metagranitoid and metagabbro samples are 
characterized by a subvertical S1–S2 composite folia-
tion, resulting from the transposition of an older folia-
tion (S1 foliation) by the main foliation (S2 foliation). 
Several top-to-west shear zones associated with the D2 
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phase are locally present within the GHU and close to 
its tectonic contacts. At the microscale, the S1–S2 folia-
tion exhibits protomylonitic to mylonitic fabrics and is 
marked by elongated clasts of Pl, Qz and K-Fsp (mineral 
abbreviations are from Whitney and Evans 2010, except 
for K-white mica, Kwm) wrapped by a fine-grained 
recrystallized matrix of Qz + Ab + Kwm + Chl (Fig.  4). 
The P–T conditions prevailing during the D1 and D2 
phases were calculated by Di Rosa et al. (2019b) based on 
Chl-Ph local equilibria in the metapelites of GHU. The 
results range from 0.81–0.39  GPa, 263–245  °C for D1 
and 0.37–0.13 GPa, 228–209 °C for D2. The D3 phase is 
characterized by open and asymmetric F3 folds and by a 
S3 foliation gently dipping towards the W. The A3-fold 
axes trend from NNE to SSW. Pre-existing structures and 
tectonic contact with the Schistes Lustrés complex were 
folded during the D3 phase. At the microscale, the D3 
phase is only observed in the thick phyllosilicate-rich lay-
ers as symmetric microfolds. The last brittle event linked 
to the CCSZ activity resulted in a strong reworking of the 
tectonic contacts between the different units (Figs. 2, 3).
In the Venaco area (Fig. 2), the metagranitoid volume 
is crosscut by 1 to 5  m thick mafic dykes. Centimetre-
thick layers of the host rock metapelites are preserved 
within the metagranitoid. Deformation markers resulting 
from the ductile phases (D1–D3) and from the CCSZ are 
well recognizable in the field through careful analysis of 
the displacement that affected the contacts between the 
metagranitoid and the mafic dykes (Fig. 2b).
In the Ghisoni area (Fig.  3), a 150  m thick layer of 
epidote-bearing metagabbro is associated with the 
metagranitoid. This metagabbro layer is found at the 
contact between the metagranitoid and the host rock 
(i.e., the Roches Brunes Fm.) and are cross contact cut 
Fig. 2 a Geological map of the Venaco area, b outcrop of metagranitoid cross-cut by mafic dyke and c detail of the metagranitoid from Venaco [i.e. 
samples CMD33(43) and CMD112A]
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by leucocratic dykes (< 3 m thick). At the outcrop scale, 
there is evidence that the metagranitoid and the met-
agabbro were deformed together (Fig.  3a), whereas no 
magma mixing between them is observed. The contact 
between the metagranitoid and the metagabbro is well 
exposed along Ghisoni-Sampolo road (D344) and con-
sists of an alteration of metagabbro and metagranitoid 
within a 20 m thick band (Fig. 3a, b).
3.2  Petrography of the sampled rocks
The studied metagranitoid samples [samples 
CMD33(43), CMD122A and CMD37] are pink 
biotite-bearing gneisses with monzogranitic compo-
sitions (i.e., suite U3 of Rossi et  al. 2015). The S1–S2 
composite foliation represents the main anisotropy rec-
ognizable in thin section. Protomylonitic to mylonitic 
fabrics are marked by Pl, Ab and Qz porphyroclasts 
surrounded by a matrix made of Chl, Kwm and thin 
grains of Ab and Qz (Figs. 4a, b, 5). The metagranitoid 
is made of Qz (35 vol%), San (30%), Ab (25%) and Chl 
(5%) that replaced former magmatic Bt. The remaining 
5 vol% includes Kwm, minor Ep and accessory minerals 
such as Aln, Ap, Ttn and Zrn (Fig.  4a, b). Metagrani-
toids were sampled in two different localities: south 
Fig. 3 a Geological map of the site sampled in the Fium’Orbo Valley, east of Ghisoni, b the primary contact between metagranitoid and 
metagabbro, c detail of the metagranitoid (i.e. sample CMD37) and d of the metagabbro from the Fium’Orbo Valley (i.e. sample CMD50E)
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of Venaco village (Lat: 42°22′77″  N; Long: 9°17′62″  E, 
Fig. 2) and in the Fium’Orbo valley, east of Ghisoni vil-
lage (Lat: 42°10′39″  N; Long: 9°26′19″  E, Fig.  3). Sam-
ples CMD33(43) and CMD122A (from Venaco, Fig.  2) 
were collected along the contact with a mafic dyke 
composed of Cpx, Pl, Amp, less abundant Qz and 
accessory minerals such as Ep and Aln. Within the 
metagranitoid (CMD122A), large crystals of Aln (up to 
250  µm) associated to Ab, Chl and Ep were observed 
along the contact with the mafic dyke (Fig. 5c, d). Allan-
ite crystals occur as subhedral to anhedral grains with 
microfractures filled by Ep, Chl, Qz and Ap (Fig.  5d). 
Sometimes Ap occurs along the rim of the Aln crystal 
and within Ab. In this sample, the magmatic Cpx are 
fractured and locally replaced by Chl and Pl; the degree 
of replacement seems to be slightly higher in the imme-
diate surrounding of Aln (Fig.  5c). Sample CMD37 
(from Ghisoni, Fig.  3) is a metagranitoid cropping out 
between the undeformed granitoid (suite U2) of the 
Hercynian Corsica towards the west and the epidote-
bearing metagabbro towards the east. The composition 
of this sample is similar to those of Venaco [i.e., sam-
ple CMD33(43)] in terms of mineral assemblage (Qz: 
35 vol%, San: 25%, Ab: 25%, Kwm: 5%, Chl: 5%, and the 
remaining 5 vol% includes Ep, Aln, Ap, Ttn and Zrn) 
and microstructures.
The epidote-bearing metagabbro (sample CMD50E) 
shows a complex texture that is characterized by an alter-
ation of metagabbro and epidote-rich layers (Fig.  3d). 
This layering is parallel to the S1-S2 foliation (Figs. 3d, 4c, 
d). Metagabbro is made of Pl (35 vol%), Cpx (10%), Fsp 
(Ab, K-Fsp, 15%), Ep (10%), Chl (10%), Kwm (10%) and 
Qz (5%); the remaining 5 vol% includes opaque oxides, 
Ap and Zrn (Fig.  4c, d). Grains of Cpx (augite) occur 
in the mylonitic layers as euhedral crystals partially 
replaced by Ep and Chl; the matrix of these layers is made 
of Pl, Chl and Qz. Subhedral crystals of Ab and Pl are 
observed, while Qz occurs as aggregates. Sub-rounded 
Ep crystals with high relief and high interference colours 
are associated with augite.
Zircon was separated for U–Pb dating from two meta-
granitoid samples [CMD33(43) from Venaco and CMD37 
from Ghisoni] and the epidote-bearing metagabbro 
Fig. 4 Microphotographs of the lithotypes sampled in the Fium’Orbo valley: metagranitoid (CMD37) with a parallel and b crossed Nicols. The S1–S2 
mylonitic foliation (normal to the long side of the pictures) is the anisotropy marked by the phyllosilicates wrapping the Qz and Fsp porphyroclasts. 
In the pictures related to the epidote-bearing metagabbro (CMD50E), with c parallel and d crossed Nicols, the S1–S2 mylonitic foliation (parallel to 
the long side of the pictures) is marked by the Chl layers alternated to those made of Cpx and Fsp. Large Cpx crystal are partially replaced by Ep and 
Chl
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(CMD50E from Ghisoni). The Aln analyzed in this work 
was found in thin sections of metagranitoids (CMD122A) 
sampled in the Venaco area. In this sample, the primary 
contact between the metagranitoid and the mafic dykes is 
observed (Fig. 5).
4  Analytical methods
4.1  Zircon LA‑ICP‑MS dating
Zrn crystals were recovered from two metagranitoid 
samples and one metagabbro sample at the University of 
Geneva (Switzerland). The samples were crushed using a 
jaw crusher, and grains < 500 µm were sieved to separate 
the fractions between 70 and 250  µm. Magnetic grains 
were removed using a Frantz magnetic separator. Then, 
Zrn grains were concentrated using methylene iodide. 
Finally, approximately 70 crystals from each of the sam-
ples were hand-picked under a binocular microscope 
and mounted in epoxy resin. The mounts were polished 
to expose the crystal interiors and imaged by cathodolu-
minescence (CL) using a JEOL JSM-7001F Schottky scan-
ning electron microscope at the University of Geneva. 
In situ Zrn U–Pb isotope analysis was performed at the 
Institute of Earth Sciences at the University of Lausanne 
(Switzerland) using a Thermo ELEMENT XR sector field 
ICP-MS coupled with a UP-193FX ArF 193  nm exci-
mer ablation system (ESI). Data were acquired in time-
resolved, peak-jumping, pulse-counting mode utilizing 
a routine where 30  s of background measurement were 
followed by 30 s of sample ablation. Laser-induced frac-
tionation of Pb and U was minimized during analysis by 
employing a soft ablation regime using a repetition rate 
of 5 Hz and an energy density of ~ 3 J/cm2 per pulse. The 
laser spot size was 30 μm. The measurement protocol and 
the parameters used for tuning the mass spectrometer 
followed Ulianov et  al. (2012). Laser-induced elemental 
fractionation and instrumental mass discrimination were 
corrected by normalization to the reference Zrn GJ-1. 
To test the accuracy and external reproducibility of the 
obtained age data, Plešovice Zrn (Sláma et al. 2008) was 
measured as a secondary reference material after every 
~ 8 unknowns (Table  1). The Plešovice analyses gave a 
238U–206Pb weighted average age of 337.5 ± 0.6  Ma (σ, 
n = 21; MSWD = 0.66). Six of the twenty-one analyses did 
not pass the 10% discordancy test (Table 1); a weighted 
mean obtained using spots within the 10% concordance 
range resulted in a 238U–206Pb age of 337.9 ± 0.4 Ma (σ, 
Fig. 5 Microphotograph of metagranitoid sampled in the Venaco area (CMD122A): a parallel Nicols. b Crossed Nicols. Red circles indicate the spots 
position. c, d BSE images of the allanite crystals analyzed. In a–c, yellow dashed line indicates the contact between the metagranitoid (on the left) 
and the mafic dyke (on the right)
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n = 15, MSWD = 0.55). Both calculated ages were con-
sistent, within uncertainty, with the ID-TIMS value 
reported by Sláma et al. (2008). All raw data from Laus-
anne were processed using the LAMTRACE software 
package (Jackson 2008), and no common Pb correction 
was applied. Common Pb was dealt with by monitoring 
201Hg and 204(Hg + Pb) as well as (204Pb + 204Hg)/206Pb 
ratios. The homogeneity of the ablated material was con-
firmed by monitoring the 206Pb/238U and 207Pb/235U vs. 
time spectra, and fluctuations in these ratios were inter-
preted to represent mixing between different age popu-
lations within the crystals. Spectra with mixed domains 
were subsequently discarded and are not reported in 
Table 1.
Zrn crystals were analyzed by LA-ICP-MS (Table  1). 
U–Pb data are presented in concordia diagrams. A 
weighted average 206Pb/238U age was determined for 
the metagranitoid and metagabbro samples, consider-
ing only the date calculated from the sub-concordant 
analysis. Only the analyses that had a concordance value 
between 90 and 110% were considered for calculating the 
weighted mean age of each sample.
4.2  Allanite in situ dating by LA‑ICP‑MS
One metagranitoid sample (CMD122A) was selected for 
in situ U–Pb dating of Aln. This LREE-rich epidote usu-
ally hosts high concentrations of Th and U, forming the 
basis of its utility as a geochronometer (Engi 2017).
Dating was performed on Aln (in situ on polished thin 
section) at the Institute of Geological Sciences of the 
University of Berne (Switzerland) using a GeoLas Pro 
193 nm ArF excimer laser combined with an Elan DRC-e 
ICP-MS. The analytical procedure follows Burn et  al. 
(2017). Each analysis involved short pre-ablation with 
a spot diameter of 32 µm, a blank measurement of 60 s 
and 40 s of ablation using an energy density of 2.5 J/cm2, 
repetition rate of 9 Hz and spot size of 24 µm (see Addi-
tional file  1). Aerosol transport from the ablation cell 
to the plasma was performed using a gas mixture of He 
(1 L/min) and  H2 (0.08 L/min). The instrument was opti-
mized to increase the sensitivity of heavy masses, keeping 
oxide production of ThO/Th+ lower than 0.5%. Plešovice 
Zrn (Sláma et  al. 2008) was used as the primary stand-
ard, and SISS Aln was used as the secondary standard 
(von Blanckenburg 1992). The primary reference mate-
rial Plešovice returned a weighted average 232Th/208Pb 
age of 335.7 ± 6.9 Ma (2σ, MSWD = 0.2; 16/16 analyses) 
and a weighted average 238U/206Pb age of 336.9 ± 1.9 Ma 
(2σ, MSWD = 0.6; 16/16 analyses). The weighted average 
common lead-corrected ages of SISS were 31.2 ± 0.4 Ma 
(2σ, MSWD = 1.2; 6/6 analyses) for the 232Th/208Pb sys-
tem and 39.0 ± 6 Ma (2σ, MSWD = 0.3; 4/6 analyses) for 
the 238U/206Pb system, which are in agreement and within 
the uncertainty of previous results (Gregory et  al. 2007; 
von Blanckenburg 1992). Data reduction was carried out 
using a non-matrix matched standardization technique 
implemented in the in-house software TRINITY (Burn 
et al. 2017).
Trace element analysis of Aln was performed at the 
Institute of Geological Sciences (University of Bern) 
using a LA-ICP-MS GeoLas Pro 193  nm ArF excimer 
laser coupled to an Elan DRC-e quadrupole ICP-MS. A 
gas mixture of He–H2 (1 and 0.008 L/min) was used for 
aerosol transport. Allanite trace element analyses were 
performed with laser beam diameters of 24 and 32  µm, 
frequencies of 10  Hz and energy densities on the sam-
ple of ~ 5.0  J/cm2. Allanite analyses were calibrated 
using GSD-1Gg (Jochum et  al. 2005), and accuracy was 
monitored using the reference material NIST SRM 612 
(Jochum et  al. 2011). Data reduction was performed 
using the SILLS software package (Guillong et al. 2008), 
and LOD values were obtained with the method of Pettke 
et al. (2011). Further information on the instrument setup 
is reported in Additional file 1: allanite data.
5  Results
5.1  Zircon texture and U–Pb geochronology
Zrn crystals from sample CMD33(43) are 50–450 µm in 
size, colourless and elongate, euhedral to sub-euhedral 
in shape (Fig.  6a, Additional file  2: additional analyzed 
zircons). Under CL, many grains are characterized by 
homogeneous or faintly zoned interiors surrounded by 
fine-scale oscillatory zoned rims sometimes thickened 
towards the tips. Inherited cores were only detected in a 
few cases. Few crystals are metamictic.
Similarly, Zrn crystals from the metagranitoid sam-
pled in Ghisoni (CMD37,  Additional file  2: additional 
analyzed zircons) are 35–450 µm in size, are colourless, 
euhedral and range from stubby to elongate. A subset of 
grains exhibits core-to-rim oscillatory zoning or com-
plex zoning with intermediate resorption fronts and 
dark overgrowths (Fig.  6b, Additional file  2: additional 
analyzed zircons). Although thin bright rims have been 
observed in some cases, clear evidence of metamorphic 
overgrowth is missing.
Zrn grains from the epidote-bearing metagabbro 
(sample CMD50E, Fig.  6c,  Additional file  2: additional 
analyzed zircons) are transparent to translucent and 
generally larger than Zrn crystals in the metagranitoid 
(reaching up to 580  µm). They are subhedral to anhe-
dral and mostly elongated. Under CL, grains show a 
characteristic alteration of broad dark and bright bands. 
Most grains are characterized by large homogeneous or 
faintly zoned interiors surrounded by one or more rims 
exhibiting oscillatory zoning. Dark patches due to meta-
mictization are common, in some cases associated with 
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Fig. 6 Zircons CL images and dated spots of the samples a CMD33(43) (metagranitoid from Venaco), b CMD37 (metagranitoid from Ghisoni) and c 
CMD50E (epidote-bearing metagabbro from Ghisoni). Green: spots whose value passed the < 10% discordancy test; red: spots whose value did not 
pass the < 10% discordancy test
Fig. 7 a Concordia diagram related to the metagranitoids samples: green ellipsoids are related to sample CMD37 (n = 18) from Ghisoni, those grey 
to sample CMD33(43) (n = 7) from Venaco. b Concordia diagram related to the metagabbro sample (CMD50E, n = 30) from Ghisoni. c Weighted 
average diagram of sample CMD50E (n = 11)
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microfractures. Interiors are either bright or dark and do 
not show any evidence of resorption.
Twenty-five spot analyses were performed on Zrn 
interiors and rims from the two metagranitoid samples 
[eighteen from sample CMD37 and seven from sam-
ple CMD33(43), Fig.  7a and Table  1]. These analyses 
yielded apparent dates that plot along the concordia line 
between 265 and 291 Ma, with most of the data cluster-
ing at ca. 288 Ma. No difference between the two samples 
is observed, and thus, these samples are plotted together. 
No systematic difference in dates between cores and rims 
was observed. Most of the data are discordant, and only 
eleven analyses passed the < 10% discordancy test. These 
Zrn spot analyses from the two metagranitoid samples 
yielded 206Pb/238U weighted mean ages of 282.4 ± 0.9 Ma 
(σ, n = 11, MSWD = 7.0). The MSWD is significantly 
higher than 1, indicating a high degree of scattering in 
the U–Pb data; therefore, the age does not represent a 
single population. Therefore, the age range 291–265 Ma 
is considered as the best approximation for the crystal-
lization age of the metagranitoid samples (Fig. 7a).
Thirty spot analyses were performed on Zrn interiors 
and rims from the metagabbro sample CMD50E. The 
206Pb/238U dates range from 244 to 284  Ma, with 90% 
of them between 272 and 284 Ma (Fig. 7b). Eleven spot 
analyses passed the < 10% discordancy test (Fig.  7c). A 
206Pb/238U weighted mean performed on these dates 
gave an age of 276.9 ± 1.1 Ma (σ, n = 11, MSWD = 0.82), 
which was interpreted as the crystallization age of sample 
CMD50E.
6  Allanite texture and U–Th–Pb geochronology
Aln crystals of sample CMD122A were found in both the 
mafic dykes and the hosting metagranitoid, even if they 
were larger and more abundant in the metagranitoid 
along the contact with the mafic dykes. In thin section, 
light brown Aln crystals occurred in the metagranitoid 
within the mylonitic foliation together with Chl, Ab, 
Qz and Ep (Fig.  5), probably belonging to the clinozo-
isite subgroup (Armbruster et  al. 2006). Observations 
based on BSE images do not reveal compositional zoning 
within the Aln crystals. Internal fractures are filled by a 
mixture of Chl, Ep, Ap and Ttn (Fig. 5). The crystal size is 
up to 250 µm, much greater than that of other minerals 
within the contact. This textural evidence, together with 
its “altered” aspect, suggests that Aln is a porphyroclast.
The dating results for sample CMD122A are summa-
rized in Fig. 8 and Table 2. Following the strategy high-
lighted in previous studies (Burn et  al. 2017; Giuntoli 
et al. 2018a; Airaghi et al. 2019; Santamaría-López et al. 
2019), data were plotted in (1) an uncorrected Tera-Was-
serburg diagram to estimate the 207Pb/206Pb common 
lead composition; (2) a Th-isochron diagram; and (3) 
common lead-corrected U–Pb ages using the common 
lead compositions determined from (1). The uncertain-
ties in the common lead fractions  f206 and  f208 obtained 
from each regression were propagated through all the 
computations using a Monte Carlo technique. 
The nineteen spot analyses performed on the Aln 
located along the boundary between the metagranitoid 
and the mafic dyke yielded an apparent U–Pb weighted 
average common lead-corrected age of 225 ± 8  Ma 
Fig. 8 a BSE image of sample CMD122A: the spots analysis on Aln are marked in red. b Tera-Wasserburg (inverse concordia) plot and Th-isochron 
diagram
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(n = 16, MSWD = 2.8). This age is compatible with the 
lower intercept U–Pb age of 225 ± 10  Ma and the Th-
isochron age of 236 ± 14  Ma. The initial common lead 
compositions are in line with the values from the model 
of Stacey and Kramers (1975). As the MSWD value is 
lower than 3, the U–Pb weighted average common lead-
corrected age is interpreted as reflecting a single age 
population.
Trace element data for Aln of sample CMD122A and 
a comparison with literature data are provided in Figs. 9 
and 10. The analyses used for U–Pb dating have low Th/U 
values ranging between 0.6 and 9.8 and a relatively low 
fraction of initial lead 206Pb (f206) between 0.22 ± 0.03 
and 0.59 ± 0.6 (Fig. 9). This Aln is enriched in LREE com-
pared to HREE with a pattern showing a gentle slope 
toward the heavier REE and a minor Eu anomaly (Fig. 10, 
Additional file  3: Decision tree for the classification 
model). 
Table 2 Allanite LA-ICP-MS U–Pb dates (sample CMD122A)




208Pb/232Th 2σ 238U/206Pb 2σ 206Pb/208Pb 2σ 207Pb/206Pb 2σ
d07 0.02 7.73E−04 17.35 0.62 0.53 0.02 0.44 0.02
d08 0.04 0.19E−02 15.82 0.84 0.75 0.04 0.41 0.04
d09 0.02 6.42E−04 16.35 0.62 0.52 0.02 0.34 0.02
d10 0.02 6.24E−04 18.61 0.64 0.62 0.02 0.33 0.02
d11 0.03 8.09E−04 16.58 0.60 0.75 0.03 0.35 0.02
d12 0.02 6.43E−04 19.05 0.68 0.72 0.03 0.30 0.02
d13 0.04 0.14E−02 12.23 0.55 0.59 0.02 0.53 0.03
d14 0.02 6.36E−04 22.32 0.97 0.75 0.03 0.23 0.02
d15 0.02 6.73E−04 13.47 0.62 0.30 0.01 0.45 0.03
d16 0.02 0. 12E−02 19.04 1.95 0.79 0.08 0.31 0.06
e07 0.03 0. 14E−02 19.22 0.68 0.95 0.04 0.35 0.02
e08 0.05 0. 28E−02 16.00 1.09 0.88 0.05 0.40 0.03
e09 0.13 0. 62E−02 17.63 0.75 1.35 0.07 0.31 0.03
e10l 0.04 0.01E−01 18.37 0.61 0.94 0.03 0.32 0.02
e11 0.05 0.21E−02 14.06 0.64 0.81 0.04 0.41 0.03
e12 0.08 0.32E−02 16.27 1.15 0.78 0.04 0.43 0.04
Sample: 
CMD122A
Isotopic ratios Dates (Ma)
208Pb/232Thrad 2σ
238Urad/
206Pb 2σ 232Th‑age 2σ 238U‑age 2σ
d07 0.01 0.16E−02 0.03 0.03E−01 219.82 31.21 189.90 19.01
d08 0.01 0.44E−02 0.04 0.41E−02 252.79 88.43 224.27 25.60
d09 0.01 0.12E−02 0.04 0.29E−02 263.71 23.88 246.67 17.86
d10 0.01 0.13E−02 0.04 0.23E−02 238.02 25.10 224.36 14.33
d11 0.01 0.21E−02 0.04 0.27E−02 254.46 42.65 241.78 16.47
d12 0.01 0.14E−02 0.04 0.22E−02 244.86 28.51 228.41 13.53
d13 0.01 0.43E−02 0.03 0.53E−02 251.35 86.76 211.41 33.06
d14 0.01 9.64E−04 0.04 0.19E−02 237.46 19.25 222.51 12.07
d15 0.01 8.68E−04 0.04 0.45E−02 242.45 17.33 238.59 28.08
d16 0.01 0.03E−01 0.04 0.55E−02 191.03 59.82 226.09 34.13
e07 0.01 0.39E−02 0.03 0.25E−02 213.28 77.41 209.38 15.63
e08 0.01 0.64E−02 0.04 0.41E−02 213.28 127.52 224.63 25.81
e09 0.01 0.02 0.04 0.32E−02 270.24 411.43 246.24 19.81
e10l 0.01 0.32E−02 0.04 0.23E−02 260.56 63.16 229.85 14.16
e11 0.01 0.54E−02 0.04 0.04E−01 263.64 108.36 250.99 24.85
e12 0.02 0.91E−02 0.03 0.45E−02 334.16 181.49 205.82 27.91
Page 15 of 22    19 Pre-Alpine thermal history recorded in the continental crust from Alpine Corsica (France)
7  Discussion
7.1  Age of the intrusions
The oscillatory zoning observed in Zrn from the meta-
granitoid suggests a magmatic origin (Pidgeon 1992 and 
references therein). Even though the samples come from 
a tectonic unit showing a complex polyphase deforma-
tion history marked by dynamic recrystallization (Di 
Rosa et al. 2019b), Zrn do not have visible metamorphic 
rims. The Zrn ages from the metagranitoid (265–291 Ma) 
and the epidote-bearing metagabbro (276.9 ± 1.1 Ma) are 
interpreted as magmatic ages. In light of this results, it 
appears that the epidote-bearing metagabbro is not part 
of the oldest magmatic suite U1 (~ 340 Ma) that includes 
ultrapotassic basic rocks (Rossi et al. 2015), as proposed 
by Di Rosa et al. (2019b).
Zrn grains from the metagranitoid have 206Pb/238U 
dates scattered between 265 and 291  Ma, without any 
clear relationship between cores and rims. Populations of 
Zrn grains extracted from individual samples of dacite-
rhyolites and granitoids commonly record crystal growth 
over  104–106  years (e.g.Samperton et  al. 2015; Farina 
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Fig. 9 Allanite classification based on their Th/U ratio and the fraction of initial 206Pb (f206) values. Typical uncertainties for f206 values are between 
10 and 20% (2σ, see Additional file 1). a Database of allanite data. Black squares indicate magmatic allanite (344 analyses). Central-Alpine Bergell 
intrusion: granodiorite BONA—tonalite SISS (Gregory et al. 2007, 2012; Airaghi et al. 2019; Santamaría-López et al. 2019); Atesina Volcanic Complex 
(AVC): rhyolite (Gregory et al. 2007); Cima D’Asta Pluton (CAP) granodiorite (Gregory et al. 2007; unpublished data); Ecstall Pluton: granodiorite BC 
(Gregory et al. 2007, 2012); Berridale Batholith, southeast Australia: granodiorite TARA (Gregory et al. 2007, 2012); Sesia Zone: orthogneiss (Giuntoli 
et al. 2018b); Central Alps: metatonalite—metagranodiorite—metagranite—metadiorite (Gregory et al. 2012). Grey circles indicate metamorphic 
allanite (including 525 analyses of low-pressure allanite and 686 high-pressure). Sesia Zone: mica schist—metaquartzite—blueschist—eclogite—
Glaucophane-epidote schist—orthogneiss—leucogneiss (Regis et al. 2014; Giuntoli et al. 2018b; Vho et al. 2020); Austroalpine basement: 
pegmatites (Hentschel et al. 2020); Nevado-Filábride metamorphic complex: mica schist (Santamaría-López et al. 2019); Western Alps: metagranite, 
Mont Blanc (Cenki-Tok et al. 2014) and micaschist, Acceglio Zone (unpublished data); Longmen Shan: metapelites (Airaghi et al. 2018, 2019); 
Himalaya: metapelites (Goswami-Banerjee and Robyr 2015; unpublished data); Central Alps: metapelites (Janots et al. 2009; Janots and Rubatto 
2014); metatonalite—metagranodiorite—metagranite—metadiorite (Gregory et al. 2012). Red circles indicates Aln analyzed in this study. b 
Visualization of the predictions of a machine learning classification model produced using the Random Forest algorithm including bootstrap 
aggregating (See Additional file 3: Decision tree for the classification model). A classification three containing 107 nodes was refined and used as a 
predictive model. The allanite data produced in this study (red dots) are 100% classified as “metamorphic” by the model. The classification accuracy 


























Fig. 10 Chondrite-normalized REE patterns of allanite of sample 
CMD122A. Magmatic allanite: “1” (thick black band) is from Gregory 
et al. (2012) and “2” (thin grey line) is from Renna et al. 2007. 
Metamorphic allanite are “3” from Regis et al. (2014), “4” from Boston 
et al. (2017) and “5” from Vho et al. (2020). Dashed blue line “6” 
indicates magmatic monazite. Red lines indicate allanite crystals 
studied in this work
   19  Page 16 of 22 M. Di Rosa et al.
et al. 2018), with these age ranges being the result of crys-
tallization in long-lived and vertically extensive magma 
storage zones (Cashman et  al. 2017). However, the age 
range observed for the metagranitoid (26 Ma) is incom-
patible with such short time rates. This age range rather 
suggests that the observed scatter was caused by Pb 
mobility probably linked to the emplacement of the met-
agabbro at ca. 275 Ma, or even later during the Triassic or 
during the Alpine orogeny. As suggested by several stud-
ies (e.g.Ashwal et al. 1999; Spencer et al. 2016; Bolle et al. 
2018; Tedeschi et al. 2018), prolonged high-temperature 
conditions following the crystallization of magmatic Zrn 
can trigger Pb mobility, generating a significant scatter of 
dates along the concordia. This effect can be particularly 
severe for Zrn grains younger than ca. 400 Ma, where the 
limited curvature of the concordia line and the lower pre-
cision of the 207Pb measurement limits the identification 
of discordance (Spencer et al. 2016). Magmatic Zrn U–Pb 
age smearing along the concordia line has been observed 
in many Precambrian igneous bodies belonging to high-
temperature terrains (e.g., Bolle et al. 2018). Although it 
is impossible to define a statistically sound magmatic age 
for the metagranitoid rock, the 291–265  Ma range pre-
sented here overlaps with the age of the A-type granites 
(290–280 Ma, Paquette et al. 2003; Cocherie et al. 2005) 
that characterized the last magmatic event recorded in 
the Corsica-Sardinia batholith (U3 suite of Rossi et  al. 
2015).
The epidote-bearing metagabbro outcropping in the 
Ghisoni area was not described, and no age data were 
available. Other mafic rocks associated with the Permo-
Carboniferous batholith occur in several localities on 
Corsica Island (i.e., the mafic–ultramafic and dioritic 
complex of Cocherie et al. 2005). Ohnestetter and Rossi 
(1985) proposed that stratified complexes of troctolite, 
olivine gabbro, gabbro-norite and diorite of the Tenda, 
Pila-Canale and Levie localities formed between 290 and 
280 Ma. The undeformed gabbro-granite complex forma-
tion of Porto is dated at 281 ± 3 Ma (Renna et al. 2007). 
In this complex, magma mingling and magma mix-
ing textures observed in the field suggest that the mafic 
rocks were intruded within a not completely solidified 
granitic mush. This setting seems to be a common fea-
ture in Corsica, where, as already observed by Cocherie 
et  al. (2005), most of the crystallization ages obtained 
from mafic rocks are younger than those obtained from 
granites and andesites. The concordia age calculated for 
Zrn of the epidote-bearing metagabbro (276.9 ± 1.1 Ma) 
is in line with the emplacement age obtained in the other 
localities, for example, the Porto gabbro in the Hercynian 
Corsica (Renna et al. 2007).
The U–Pb Zrn crystallization age of the metagabbro 
falls in the lower range of the Zrn dates obtained for the 
metagranitoid (Fig.  7). As discussed above, we propose 
that the intrusion of the metagabbro triggered Pb mobil-
ity in the Zrn crystals of the granitoids partially affect-
ing the age record. The geochronological results suggest 
that the emplacement of the metagranitoid preceded the 
intrusion of the metagabbro. The absence of meso-scale 
features supporting magma mixing suggests that the 
granitoid magma was already solidified when the gabbro 
intruded.
Our geochronological data confirm that the U3 suite 
event, including calc-alkaline acidic and mafic rocks, 
occurred between 286 and 275  Ma. According to 
Paquette et  al. (2003), this event probably took place at 
middle- to low-crustal levels and through several discrete 
and short-lived episodes, each of them with a duration of 
less than 5 Ma. Owing to the lack of additional geochem-
ical analysis, crustal contamination of the epidote-bear-
ing metagabbro, as established by Tribuzio et  al. (2009) 
for the Bocca di Tenda olivine-gabbronorites, can only be 
assumed.
7.2  An attempt to interpret the allanite age
Aln is a common LREE-rich accessory phase that is 
observed in a wide variety of magmatic and metamorphic 
rocks ranging from greenschist facies (Smith and Bar-
reiro 1990; Tomkins and Pattinson 2007) to blueschist-
eclogite facies (Janots et  al. 2006; Rubatto et  al. 2011; 
Giuntoli et al. 2018a) and amphibolite facies (Janots et al. 
2009; Airaghi et  al. 2019; Santamaría-López et  al. 2019; 
Boston et al. 2017).
The biggest crystals of Aln surrounded by Chl are 
observed in thin section (sample CMD122A, Fig.  5) 
along a thin band of ca. 500 µm at the boundary between 
a mafic dyke and the hosting metagranitoid (sample 
CMD122A). These Aln crystals yield a common lead-
corrected U–Pb age of 225 ± 8  Ma. This Triassic age is 
ca. 50 My younger than the U–Pb Zrn age of metagrani-
toid and metagabbro reported above, and both have been 
interpreted to reflect the age of intrusion. Such discrep-
ancies cannot be explained by different closure temper-
atures, as the Aln closure temperature is above 750  °C 
(Oberli et  al. 2004). The large size of the dated crystals 
(up to 250  µm) and the greyish-brownish color are fea-
tures common to Aln of magmatic origin. However, the 
younger intrusion ages of post-Variscan batholiths in 
Corsica are restricted to the Permian (Cocherie et  al. 
2005; Renna et al. 2007; Rossi et al. 2015). Therefore, this 
Aln age remains enigmatic and cannot be clearly linked 
to magmatism for the metagranitoid. An Alpine ori-
gin can be also excluded, as mixing ages would result in 
a much larger spread of dates between the Permian and 
Oligocene (e.g., Cenki-Tok et al. 2011).
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Two attempts were made to further elucidate the ori-
gin of the Aln. Low Th/U ratios associated with low frac-
tions of initial 206Pb indicate a metamorphic origin when 
compared with a database containing 1555 analyses of 
Aln from various origins (Fig.  9). The predictive model 
trained on this dataset using bootstrap aggregating clas-
sified 100% of the analyses as magmatic (N = 18). Trace 
element analyses are reported in Fig.  10 and compared 
with data from the literature. The steep REE patterns 
are distinct from metamorphic Aln forming in meta-
sediments (Boston et al. 2017; Vho et al. 2020) and from 
magmatic Aln from white granites (Renna et  al. 2007), 
but show similarities with magmatic Aln from meta-
tonalites (Gregory et  al. 2012) and metamorphic Aln 
from micaschist (Regis et  al. 2014). Boston et  al. (2017) 
reported similar REE patterns for metamorphic Aln in 
gneiss (their sample Ba0901) and orthogneiss (samples 
LEP0979, LEP0980) from the Central Alps. This result 
illustrates the effect of different bulk rock compositions 
on the REE pattern of Aln and prevent trace element 
systematic to be used to decipher the origin of this Aln. 
As, this age cannot be clearly associated with a regional 
magmatic event and as the Aln were classified as meta-
morphic based on their Th/U ratio and f206 values, we 
tentatively attribute it to a metasomatic/metamorphic 
event during Permo-Triassic extension.
7.3  Geodynamic implications
Corsica Island is the southeastern continuation of the 
Alpine belt, thus preserving large exposures of the rem-
nants of the European continental margin in both its 
Alpine and Hercynian domains (Durand-Delga 1984; 
Egal 1992; Malavieille et  al. 1998; Molli and Malavieille 
2011; Marroni et al. 2017; Di Rosa et al. 2020). This mar-
gin represented the northwestern edge of the Piemonte-
Liguria Ocean, whose opening is the result of a long-lived 
history and developed from continental thinning up to 
seafloor spreading (Lavier and Manatschal 2006; Marroni 
and Pandolfi 2007; Péron-Pinvidic and Manatschal 2009; 
Mohn et al. 2012; Ribes et al. 2019). The Middle Jurassic 
opening of this oceanic basin is in fact achieved by a his-
tory starting in the Permian and developed by pure-shear 
extension coupled with magmatic activity that predated a 
magma-poor rifting stage (Mohn et al. 2012).
In the Alpine belt, igneous activity and high-temper-
ature metamorphism are attributed to a Permo-Triassic 
high geothermic regime, as described by many authors 
in several tectonic units derived from both passive 
Europe and Adria continental margins (Lardeaux and 
Spalla 1991; Quick et al. 1992; Gardien et al. 1994; Vavra 
et  al. 1996; Colombo and Tunesi 1999; Tribuzio et  al. 
1999; Schaltegger and Brack 2007; Peressini et  al. 2007; 
Roda and Zucali 2008; Manzotti et al. 2012, 2017, 2018; 
Schaltegger et al. 2015). This regime was associated with 
the development of several extensional basins controlled 
by high-angle normal faults (Winterer and Bosellini 1981; 
Bernoulli et  al. 1990; Bertotti et  al. 1993). The anoma-
lous geothermic regime and coeval extensional tectonics 
are regarded as the result of mantle upwelling occurring 
under the continental crust (Hermann and Müntener 
1996; Lardeaux and Spalla 1991; Marotta and Spalla 2007; 
Trommsdorff et al. 1993). This model was confirmed by 
several stratigraphic and tectonic studies devoted to the 
Permo-Triassic inheritance (Manatschal and Müntener 
2009; Beltrando et al. 2010; Mohn et al. 2011; Vitale Bro-
varone et al. 2014) and by metamorphic and petrochro-
nological data collected throughout the Alpine belt, for 
instance, in the Western Alps (Lardeaux and Spalla 1991; 
Gardien et  al. 1994; Manzotti et  al. 2012; Kunz et  al. 
2018), the Eastern and Southern Alps (Thöni and Miller 
2009; Beltrán-Trivino et  al. 2016), the Malenco Valley 
(Hermann and Rubatto 2003) and the Ivrea Zone (Vavra 
et  al. 1996; Zanetti et  al. 2016; Langone et  al. 2017). 
According to Marotta and Spalla (2007), this regime was 
the precursor of the Mesozoic oceanization that resulted 
in the birth of the Piemonte-Liguria Ocean during the 
Middle Jurassic. In this framework, several studies indi-
cated that the first evidence of strong, differential subsid-
ence associated with normal faulting was recorded in the 
Late Triassic (Berra 1995; Chevalier 2002). In addition, 
thermochronological data from the European Alps point 
to the existence of a large-scale crustal heating event dur-
ing the Late Triassic–Early Jurassic. For instance, a heat-
ing event at the boundary between the Late Triassic and 
Early Jurassic is registered in the Ligurian Alps (Decar-
lis et al. 2017) as well as in the Western Alps (Beltrando 
et  al. 2015) and in the Northern Calabrian Arc (Liberi 
et al. 2011). According to Chenin et al. (2019), this heat-
ing event of the continental crust is the result of a high 
heat flow produced by the early necking of the upper 
mantle during the inception of the rifting process. These 
authors also suggested that the existence of a heat pulse 
during the early stages of crustal necking without the 
need for large-offset normal faults can only be explained 
by viscoelastoplastic necking of the upper mantle.
In contrast to the Alpine belt, no detailed reconstruc-
tion of the pre-orogenic history is available for Corsica 
Island. Most of the available geochronological data 
for the pre-orogenic history of the Hercynian Corsica 
were mainly devoted to the assessment of the mag-
matic ages (emplacement and crystallization). As pre-
viously reported, the Zrn U–Pb data for these events 
range between 270 and 290  Ma (Paquette et  al. 2003; 
Cocherie et  al. 2005; Renna et  al. 2007), which are in 
good agreement with the data presented in this paper. 
Similar ages were obtained from the lower and upper 
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continental crust preserved in some tectonic units of 
the Alpine Corsica (Martin et  al. 2011; Seymour et  al. 
2016). In addition, Seymour et al. (2016) reported Early 
to Middle Jurassic (200–160 Ma) U–Pb ages for Rt and 
Ap sampled in the lower crust section of the Santa 
Lucia Unit. In this unit, the same ages were obtained for 
the Zrn overgrowths around Permian cores. These data 
are interpreted as a consequence of heating associated 
with the rifting of the European margin of Alpine Cor-
sica. However, the same authors have also shown the 
occurrence of Zrn overgrowth with U–Pb ages span-
ning from the Middle to Late Triassic (220 to 240 Ma). 
These ages overlap with our U–Pb Aln ages. However, 
a comparison between these data must be performed 
with caution, mainly because the Venaco-Ghisoni and 
Santa Lucia Units occur in different tectonic settings 
within the Alpine Corsica, and consequently, their cor-
relation remains debated (Durand-Delga 1984; Marroni 
and Pandolfi 2007; Molli and Malavieille 2011; Meresse 
et al. 2012). Regardless of their spatial distribution, the 
presence of Late Triassic ages can be regarded as valu-
able insight for the reconstruction of the pre-orogenic 
thermal history in Alpine Corsica. For a full under-
standing of the magnitude and temperature of the 
thermal pulse, further data are required. We can only 
postulate that the Late Triassic U–Pb age of Aln reflects 
metamorphism linked to the inception of rifting, which 
subsequently led to the opening of the Piemonte-Ligu-
ria Ocean.
8  Conclusion
In this work, we provide geochronological data that are 
used to refine the pre-Alpine history of the Venaco-
Ghisoni Unit (GHU), a continental unit derived from the 
European margin and involved in Alpine subduction and 
collision in the middle Eocene–Oligocene. Zrn separated 
from two metagranitoid samples and one metagabbro 
sample yielded crystallization ages (metagranitoid: 265–
291  Ma, metagabbro: 276.9 ± 1.1  Ma) that overlap with 
the Early Permian emplacement age proposed for suite 
U3 of the Corsica-Sardinia Batholith. The wide scatter 
of Zrn dates in the metagranitoid is probably caused by 
a distribution of the U/Pb system and Pb mobility, which 
took place during the intrusion of the metagabbro at ca. 
277 Ma.
The Aln grains, occurring along the boundary between 
a mafic dyke and the hosting metagranitoid, could have 
registered metamorphism at 225 ± 8  Ma. Although the 
effects of Mesozoic pre-Alpine rifting were already iden-
tified in the Alpine belt, such a Late Triassic Triassic met-
amorphism was never reported in the Alpine Corsica.
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